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Cyclooxygenase-2-dependent phosphorylation of the
pro-apoptotic protein Bad inhibits tonicity-induced
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During antidiuresis, cell survival in the renal medulla requires
cyclooxygenase-2 (COX-2) activity. We have recently
found that prostaglandin E2 (PGE2) promotes cell survival
by phosphorylation and, hence, inactivation of the
pro-apoptotic protein Bad during hypertonic stress in
Madin-Darby canine kidney (MDCK) cells in vitro. Here we
determine the role of COX-2-derived PGE2 on
phosphorylation of Bad and medullary apoptosis
in vivo using COX-2-deficient mice. Both wild-type and
COX-2-knockout mice constitutively expressed Bad in tubular
epithelial cells of the renal medulla. Dehydration caused
a robust increase in papillary COX-2 expression, PGE2
excretion, and Bad phosphorylation in wild-type, but not
in the knockout mice. The abundance of cleaved caspase-3,
a marker of apoptosis, was significantly higher in papillary
homogenates, especially in tubular epithelial cells of the
knockout mice. Knockdown of Bad in MDCK cells decreased
tonicity-induced caspase-3 activation. Furthermore, the
addition of PGE2 to cells with knockdown of Bad had no
effect on caspase-3 activation; however, PGE2 caused
phosphorylation of Bad and substantially improved cell
survival in mock-transfected cells. Thus, tonicity-induced
COX-2 expression and PGE2 synthesis in the renal medulla
entails phosphorylation and inactivation of the pro-apoptotic
protein Bad, thereby counteracting apoptosis in renal
medullary epithelial cells.
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Although the association between inhibition of renal prosta-
glandin synthesis by non-steroidal anti-inflammatory drugs
and renal dysfunction has been known for several decades,1,2
the underlying pathophysiology is incompletely understood.
The use of non-steroidal anti-inflammatory drugs may
precipitate acute renal failure or even papillary necrosis,
particularly in situations in which the urinary concentrating
mechanism is stimulated.3,4 A major contribution to the
renal pathophysiology in this setting is attributed to renal
medullary hypoperfusion, which is usually explained by an
imbalance between renal medullary vasoconstrictors (that is,
angiotensin, vasopressin, and endothelin) and vasodilators
(prostaglandins), thereby causing hypoxia-induced dysfunc-
tion or even damage to renal medullary cells.4,5
During antidiuresis, the renal medulla is characterized by
a harsh extracellular environment, with low oxygen tensions
and high medullary interstitial osmolalities.6 Failure to adapt
to these conditions entails cell death as has been shown both
in vivo and in vitro.6 It has been clearly established that
hypertonic stress increases apoptotic cell death in renal
medullary cells.7–10 Several mechanisms are indispensable
for osmoadaptation in the medulla of the concentrating
kidney. First, accumulation of compatible organic osmolytes
prevents cell shrinkage and macromolecular crowding.6,11
Second, enhanced expression of heat shock proteins (HSPs)
counteracts protein destabilization under conditions of high
intracellular ionic strength as present during the early phase
of hyperosmolality.12–15 In addition, cyclooxygenase-2 (COX-2)
is required for cell survival of renal medullary cells during
hypertonic stress in vitro16,17 and in vivo.18
COX-2 is expressed constitutively in the renal medulla and
is induced by dehydration.19,20 In addition to well-character-
ized effects on renal medullary blood flow and tubular
transport processes,21,22 increasing evidence suggests that
renal medullary COX-2-derived prostanoids promote cell
survival by mechanisms distinct from osmolyte accumulation
or HSP expression. We have observed previously that the
major COX-2 product prostaglandin E2 (PGE2) prevents
apoptosis in osmotically stressed Madin–Darby canine kidney
(MDCK) cells, a phenomenon correlated with PGE2-
mediated phosphorylation of the pro-apoptotic protein Bad
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by a mechanism involving EP2–cyclic adenosine mono-
phosphate–protein kinase A signaling.23 Bad is a widely
expressed pro-apoptotic member of the Bcl-2 family that
promotes cell death by binding to and inactivating anti-
apoptotic Bcl-2 and Bcl-xL proteins.24 Survival signals inhibit
the pro-apoptotic activity of Bad by phosphorylation at
Ser155 and, thus, disrupting the physical interaction of
Bad with Bcl-2 proteins, thereby blocking apoptosis.25,26
It is conceivable that PGE2, formed in a COX-2-dependent
process in the renal medulla during antidiuresis, mediates
phosphorylation of Bad, and thereby blocks tonicity-induced
apoptosis. This study addressed the question of whether this
mechanism is relevant for protection of renal medullary cells
from osmotic stress in vivo as present during dehydration.
RESULTS
Dehydration increases inner medullary apoptosis in
COX-2/ mice
COX-2/ and COX-2þ /þ mice were water deprived or had
free access to drinking water. After 48 h, inner medullary
osmolality of animals with free access to drinking water
was 1210 (±117) mOsm/kg H2O, whereas it rose to 3293
(±208) mOsm/kg H2O in water-deprived animals; differ-
ences between COX-2/ and COX-2þ /þ animals did not
reach statistical significance. Caspase-3 activity in inner
medullary homogenates was determined as indicator of apop-
tosis. As shown in Figure 1, caspase-3 activity in COX-2/
and COX-2þ /þ mice with free access to drinking water was
not different. Caspase-3 activity was also not enhanced in
water-deprived COX-2þ /þ mice. In contrast, in dehydrated
COX-2/ mice, caspase-3 activity increased three- to four-
fold (Figure 1a), which is consistent with recent studies
showing a cytoprotective function of COX-2 in the renal
medulla.16–18,23
To identify apoptotic cells in the inner medulla, kidney
tissue sections from dehydrated COX-2/ and COX-2þ /þ
mice were tested for induction of apoptosis by an immuno-
histochemical approach. Abundance of cleaved caspase-3 was
used as indicator of apoptosis. Cleaved caspase-3 was found
preferentially in tubular epithelial cells (Figure 1b–e), whereas
it was almost completely absent in interstitial cells. As shown
in Figure 1e, especially papillary tips of COX-2/ mice
exhibited intense staining, indicating enhanced apoptosis in
this region.
PGE2 synthesis is decreased in COX-2
/ mice
Next, expression of COX-2 in the various kidney zones
was investigated by immunoblotting. As demonstrated in
Figure 2a, COX-2 was readily detectable in the inner medulla
of COX-2þ /þ mice, whereas it was virtually absent in
homogenates of cortex and outer medulla. In accordance
with previous studies, COX-2 abundance increased substan-
tially in the inner medulla of water-deprived COX-2þ /þ
animals.20 In COX-2/ mice, as expected, COX-2 protein
was absent (Figure 2a). Urinary PGE2 excretion was deter-
mined as indicator of renal PGE2 synthesis. In water-deprived
COX-2þ /þ mice, PGE2 excretion was significantly elevated,
probably reflecting increased inner medullary COX-2
expression in these animals (Figure 2b). In contrast, in
COX-2/ mice, basal PGE2 excretion was strongly reduced
with only marginal elevation during antidiuresis, suggesting
that excreted PGE2 under this condition largely depends on
COX-2.
Decreased Bad phosphorylation in COX-2/ mice
It has been previously reported that PGE2 causes phosphory-
lation of Bad.23 Hence, it is conceivable that diminished
PGE2 synthesis in the inner medulla of COX-2
/ mice
results in decreased phosphorylation of Bad, which would
promote apoptosis in medullary cells. Expression of Bad and
phospho-Bad-Ser155 were determined by immunoblot
analysis. As demonstrated in Figure 3, constitutive expression
5
#4
3
R
el
at
ive
 c
a
sp
as
e-
3
a
ct
iv
ity
2
1
0
Inner medulla ×100 Inner medulla ×400
COX-2+/+
COX-2–/–
+
COX-2+/+ COX-2–/–
+ H2O– –
Figure 1 | Increased caspase-3 activity in the renal inner
medulla of dehydrated cyclooxygenase-2/ (COX-2/) mice.
(a) COX-2/ or COX-2þ /þ mice were water deprived (H2O) or
had access to water ad libitum (þH2O). For analysis of apoptotic
cell death in the inner medulla, tissue samples from the papilla
were processed for determination of caspase-3 activity as
described in Materials and Methods. Relative caspase-3 activity in
homogenates was normalized to that of COX-2þ /þ mice. Data
are means±s.e.m. for n¼ 3; #Po0.05 versus all other conditions.
(b–e) Induction of apoptosis in inner medullary tissue sections of
water-deprived COX-2þ /þ (b, c) or COX-2/ mice (d, e) was
monitored by detection of cleaved caspase-3 as an indicator of
apoptosis. Images were taken with  100 or  400 magnification,
as indicated. The arrows in d indicate abundance of apoptotic
cells in the papillary tip of COX-2/ mice.
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of Bad was observed in all kidney zones of both COX-2/
and COX-2þ /þ mice, irrespective of the hydration status.
Phosphorylation of Bad at Ser155 was readily detectable
in the inner medulla of COX-2þ /þ and COX-2/mice with
free access to water, whereas in cortex and outer medulla,
phospho-Bad-Ser155 was absent. In COX-2þ /þ mice,
phosphorylation of Bad was strongly increased following
water deprivation, whereas in COX-2/ mice, phosphory-
lation of Bad was not altered.
Localization of Bad and phospho-Bad-Ser155 in tubular
epithelial cells of the renal inner medulla
The cellular localization of Bad and phosphorylated Bad
in the renal medulla was analyzed by immunohistochemistry.
As shown in Figure 4, Bad was expressed preferentially in
tubular epithelial cells of the inner medulla, whereas
interstitial cells showed only very faint staining, which is in
accordance with the localization of apoptotic cells. Generally,
no significant differences in localization and staining
intensity of Bad could be observed between COX-2þ /þ
(Figure 4a and b) and COX-2/ mice (Figure 4c and d),
confirming the results obtained by western blot analysis.
Ser155 phosphorylation of Bad was clearly detectable in inner
medullary tubular epithelial cells, but not in interstitial
cells, of dehydrated COX-2þ /þ mice, especially in the
papillary tip (Figure 4e and f). In contrast, almost no
staining for phospho-Bad-Ser155 was observed in COX-2/
mice (Figures 4g and h). Thus, collectively, diminished PGE2
synthesis in dehydrated COX-2/ mice correlates with
decreased phosphorylation of Bad and enhanced apoptosis.
Although COX-2-derived PGE2 reportedly exert anti-
apoptotic effects also on medullary interstitial cells,16,17 both
the expression of Bad in the renal inner medulla (Figure 4)
and apoptosis (Figure 1) were found predominantly in
tubular epithelial cells. We compared expression and phos-
phorylation of Bad in primary papillary interstitial cells with
that in MDCK cells, as a model for renal tubular epithelial
cells. As shown in Figure 5, Bad and phospho-Bad-Ser155
could be detected in MDCK cells, but not in papillary
interstitial cells, which is in accordance with the results from
immunohistochemical analysis described above. These results
indicate that the anti-apoptotic effect of PGE2 is mediated
by Bad phosphorylation and occurs in tubular epithelial cells
rather than in interstitial cells.
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Figure 2 |Renal cyclooxygenase-2 (COX-2) expression and prostaglandin E2 (PGE2) excretion. COX-2
/ or COX-2þ /þ mice were
water deprived (H2O) or had access to water ad libitum (þH2O). (a) For analysis of COX-2 expression in various kidney zones, kidneys were
dissected into cortex (Cx), outer medulla (OM), and inner medulla (IM), and COX-2 expression was determined by western blotting as
described in Materials and Methods. To demonstrate comparable protein loading, the blots were also probed for actin. Representative blots
from three independent experiments are shown. Results were quantified by densitometric analysis of western blots; expression of COX-2
was normalized to that of actin. Data are means±s.e.m. for n¼ 3; #Po0.05 versus inner medullary COX-2 in COX-2þ /þ mice with
water ad libitum. (b) For analysis of PGE2 excretion, urinary PGE2 concentration was determined and normalized to urinary creatinine
concentration as described in Materials and Methods. Data are means±s.e.m. for n¼ 3; #Po0.05 versus water-deprived COX-2þ /þ mice.
COX-2+/+ COX-2–/–
p-Bad-Ser155
Bad
Actin
Cx Cx Cx CxOM OM OM OMIM IM IM IM
–H2O–H2O +H2O+H2O
Figure 3 |Phosphorylation of Bad at Ser155 in cyclooxy-
genase-2/ (COX-2/) and COX-2þ /þ mice. COX-2/ or
COX-2þ /þ mice were water deprived (H2O) or had access to
water ad libitum (þH2O). For analysis of Bad expression and
phosphorylation of Bad at Ser155 in various kidney zones, kidneys
were dissected into cortex (Cx), outer medulla (OM), and inner
medulla (IM), and Bad expression and phosphorylation of Bad at
Ser155 was determined by western blotting as described in
Materials and Methods. To demonstrate comparable protein
loading, the blots were also probed for actin. Representative blots
from three independent experiments are shown. p-Bad-Ser155,
phospho-Bad-Ser155.
940 Kidney International (2011) 80, 938–945
or ig ina l a r t i c l e C Ku¨per et al.: Cyclooxygenase-2-dependent phosphorylation of Bad
Bad triggers apoptosis during osmotic stress in MDCK cells
To study the role of Bad during tonicity-induced apoptosis
in vitro, MDCK cells with stable knockdown of endogenous
Bad were established, designated as MDCK/DBad, whereas
control cells with wild-type expression levels of Bad were
designated as MDCK/þBad. As shown in Figure 6a, osmotic
stress increased caspase-3 activity both in MDCK/DBad cells
and MDCK/þBad cells, however, caspase-3 activity in cell
lysates of MDCK/þBad cells was significantly higher as in
MDCK/DBad cells, indicating that Bad contributes to
osmotic stress-induced apoptosis. Addition of PGE2 to the
medium decreased osmotic stress-induced caspase-3 activity
in MDCK/þBad cells to levels comparable with those of
MDCK/DBad cells. In MDCK/DBad cells, addition of PGE2
had no further effect on caspase-3 activity. As demonstrated
in Figure 6b, osmotic stress increased cellular levels of
phospho-Bad-Ser155, which was further enhanced by the
addition of PGE2 to the hypertonic medium. As expected,
no signal could be observed in MDCK/DBad cells under
any condition.
Effect of COX-2 inhibition on osmotic stress-induced
apoptosis and Bad phosphorylation in MDCK cells
Next, the impact of COX-2 inhibition on osmotic stress-
induced apoptosis in MDCK cells was determined. Addition
of the COX-2-selective inhibitor NS-398 significantly in-
creased caspase-3 activity (Figure 7a), a response that could
be reversed by simultaneous addition of PGE2, demonstrat-
ing the pro-survival effect of COX-2-derived PGE2 during
osmotic stress. As shown in Figure 7b, hypertonicity induced
Bad phosphorylation. Addition of the COX-2-selective
inhibitor NS-398 under hypertonic conditions significantly
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Figure 4 | Localization of Bad and phospho-Bad-Ser155
(p-Bad-Ser155) in the renal inner medulla. Images were taken
with  100 or  400 magnification as indicated. (a, b) Locali-
zation of Bad in the inner medulla of dehydrated cyclooxygenase-
2þ /þ (COX-2þ /þ ) mice. (c, d) Localization of Bad in the inner
medulla of dehydrated COX-2/ mice. (e, f) Localization of
p-Bad-Ser155 in the inner medulla of dehydrated COX-2þ /þ mice.
(g, h) Localization of p-Bad-Ser155 in the inner medulla of
dehydrated COX-2/ mice. The arrows in e indicate increased
abundance of p-Bad-Ser155 in the papillary tip of COX-2þ /þ mice.
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Figure 5 | Expression of Bad in interstitial and epithelial cells.
Primary papillary interstitial cells (PIC) and Madin–Darby canine
kidney (MDCK) cells were incubated for 6 h in the presence of
1 mmol/l prostaglandin E2. Subsequently, expression of Bad and
phosphorylation of Bad at Ser155 was determined by western blot
analysis as described in Materials and Methods. To demonstrate
comparable protein loading, the blots were also probed for actin.
Representative blots from three independent experiments are
shown. p-Bad-Ser155, phospho-Bad-Ser155.
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Figure 6 |Knockdown of Bad attenuates osmotic stress-
induced apoptosis in Madin–Darby canine kidney (MDCK)
cells. MDCK cells stably transfected with a Bad-specific short
hairpin RNA construct (MDCK/DBad) or a nonspecific scrambled
short hairpin RNA construct (MDCK/þ Bad) were kept in isotonic
medium (300 mOsm/kg H2O) or exposed to hypertonic medium
(increased stepwise to 650 mOsm/kg H2O by NaCl addition).
Prostaglandin E2 (PGE2; 1 mmol/l) was added as indicated, and
cells were collected after 16 h. (a) Caspase-3 activity in cell lysates,
as an indicator of apoptosis, was determined as described in
Materials and Methods. Relative caspase-3 activity in lysates was
normalized to that of MDCK/þ Bad cells kept in isotonic medium.
Data are means±s.e.m. for n¼ 3. #Po0.05 versus MDCK/
þ BadþNaCl. (b) Bad expression and phosphorylation of Bad at
Ser155 was determined by western blotting as described in
Materials and Methods. To demonstrate comparable protein
loading, the blots were also probed for actin. Representative blots
from three independent experiments are shown. p-Bad-Ser155,
phospho-Bad-Ser155.
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diminished Bad phosphorylation and increased apoptosis,
which was reversed by simultaneous addition of PGE2.
Indeed, PGE2 administration induced phosphorylation of
Bad even under isotonic conditions.
The anti-apoptotic effect of PGE2 is mediated via the
EP2 receptor
To identify the receptor responsible for PGE2-driven Bad
phosphorylation, the influence of the EP2 receptor antagonist
AH6089 and the EP4 antagonist AH23848 was investigated.
As shown in Figure 8a, AH6089 clearly reduced osmotic
stress-induced Bad phosphorylation, whereas AH23848 had
no significant effect. Accordingly, the selective EP2 agonist
Butaprost mimicked the effect of PGE2, as it stimulated Bad
phosphorylation both under isotonic and hypertonic condi-
tions. Accordingly, AH6089, but not AH23848, increased
tonicity-induced apoptosis in MDCK cells (Figure 8b).
Butaprost significantly diminished apoptosis during hyper-
tonic stress. Taken together, these results indicate that PGE2-
induced phosphorylation of Bad is mediated via the EP2
receptor in MDCK cells.
DISCUSSION
PGE2 is the major prostanoid produced in the renal
medulla.27 During antidiuresis or physiological stress, PGE2
generated in the renal medulla ameliorates the vasoconstric-
tor effects of vasopressin and angiotensin on medullary
perfusion and reduces tubular solute reabsorption, thereby
mitigating hypoxia in this kidney region.28 It is well
established that COX-2 is essential for PGE2 formation and
cell survival in the renal medulla under this condition.16,20
Accordingly, genetic COX-2 deficiency abolishes medullary
PGE2 formation and reduces medullary blood flow following
angiotensin infusion in mice.29 Following dehydration,
induction of COX-2 has been reported in both renal
medullary interstitial cells and collecting duct cells.16,20,23
Although the precise cellular localization is controversial and
appears to depend on the animal model used, COX-2
expression and PGE2 formation increase dramatically in the
renal medulla following dehydration.16,27 These data are
consistent with our results in COXþ /þ mice (Figure 2a and
b), which showed upregulation of COX-2 expression and
PGE2 excretion following dehydration.
At least two mechanisms have been described by which
COX-2-derived prostanoids promote cell survival during
osmotic stress as present in the concentrating kidney, namely
(i) enhanced expression of genes involved in organic
osmolyte accumulation and (ii) increased abundance of
HSPs in the renal papilla. Attenuation of these mechanisms
negatively affect cell survival during water deprivation, as
demonstrated in COX/ mice17 and in rats treated with a
selective COX-2 inhibitor following dehydration, respec-
tively.18 The results of this study add another piece to the
puzzle by which PGE2 promotes cell survival during osmotic
stress. We observed PGE2-dependent phosphorylation and,
hence, inactivation of the pro-apoptotic protein Bad, which
was associated with reduced apoptosis in tubular eptithelial
cells of the renal medulla in vivo and in MDCK cells under
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Figure 7 |Cyclooxygenase-2 inhibition aggravates osmotic
stress-induced apoptosis in Madin–Darby canine kidney cells.
Madin–Darby canine kidney cells were kept in isotonic medium
(300mOsm/kg H2O) or exposed to hypertonic medium
(650mOsm/kg H2O by stepwise NaCl addition). The selective
cyclooxygenase-2 inhibitor NS-398 (10 mmol/l) or prostaglandin E2
(PGE2; 1 mmol/l) were added as indicated, and cells were collected
after 16 h. (a) Caspase-3 activity in cell lysates, as an indicator
of apoptosis, was determined as described in Materials and
Methods. Relative caspase-3 activity in cell lysates was normalized
to that of Madin–Darby canine kidney cells kept in isotonic
medium. Data are means±s.e.m. for n¼ 3. *Po0.05 versus iso;
#Po0.05 versus NaCl. (b) Bad expression and phosphorylation of
Bad at Ser155 was determined by western blotting as described in
Materials and Methods. To demonstrate comparable protein
loading, the blots were also probed for actin. Representative blots
from three independent experiments are shown. p-Bad-Ser155,
phospho-Bad-Ser155.
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Figure 8 |The anti-apoptotic effect of prostaglandin E2 is
mediated via the EP2 receptor. Madin–Darby canine kidney cells
were kept in isotonic medium (300mOsm/kg H2O) or exposed to
hypertonic medium (650mOsm/kg H2O by NaCl addition). The
selective cyclooxygenase-2 inhibitor NS-398 (10 mmol/l), the EP2
antagonist AH6089 (10 mmol/l), the EP4 antagonist AH23848
(30mmol/l), or the selective EP2 agonist Butaprost (1 mmol/l) were
added as indicated, and cells were collected after 16 h. (a) Bad
expression and phosphorylation of Bad at Ser155 was determined
by western blotting as described in Materials and Methods. To
demonstrate comparable protein loading, the blots were also
probed for actin. Representative blots from three independent
experiments are shown. (b) Caspase-3 activity in cell lysates, as an
indicator of apoptosis, was determined as described in Materials
and Methods. Relative caspase-3 activity in lysates was normalized
to that of Madin–Darby canine kidney cells kept in isotonic
medium. Values are means±s.e.m. for n¼ 3. *Po0.05 versus iso;
#Po0.05 versus NaCl. p-Bad-Ser155, phospho-Bad-Ser155.
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hypertonic conditions. Interestingly, in MDCK cells depleted
of Bad, the addition of PGE2 did not reduce apoptosis further
under hypertonic conditions (Figure 6). These observations
indicate that phosphorylation of Bad is a major mechanism
by which PGE2 exerts its pro-survival effects during the early
period of hypertonicity. The BH3-only protein Bad belongs
to a family of widely expressed proteins that either promote
survival (for example, Bcl-2 and Bcl-xL) or apoptosis (for
example, Bad and Bax).25 Bad operates as upstream sensor of
cellular damage that integrates specific, proximal death and
survival signals, and receptor-dependent phosphorylation by
protein kinase A at Ser155 negatively regulates the pro-
apoptotic activity during cell stress.30
As mentioned above, COX-2-derived prostanoids stimu-
late expression of HSPs and accumulation of organic
osmolytes in the renal medulla. Accordingly, we observed
substantially higher amounts of HSP70 and of the osmolyte
accumulating protein aldose reductase (AR) in the renal
medulla of COX-2þ /þ mice compared with COX-2/ mice
(data not shown). It is conceivable that HSP70 and AR may
influence the activity of Bad. HSP70 reportedly stimulate
phosphorylation of Bad via Jun N-terminal kinase and 14-3-3
during acute kidney injury, hence, decreasing apoptosis
in distal tubular cells under these conditions.31 As HSP70
is highly expressed during hypertonic stress in the inner
medulla,32,33 this mechanism may contribute to the
strong phosphorylation of Bad observed in this kidney zone
(Figure 4e and f), although this remains to be elucidated.
Furthermore, overexpression of AR in lens epithelial cells
causes downregulation of Bad, resulting in decreased apop-
tosis.34 However, increased expression of renal medullary
AR in COX-2þ /þ mice was not accompanied by down-
regulation of Bad, as the expression of Bad was comparable in
COX-2þ /þ and COX-2/ mice (Figure 3 and Figure 4a–d).
Hence, AR-mediated downregulation of Bad is probably not
relevant in the murine inner renal medulla.
The COX-2-mediated anti-apoptotic mechanism we
describe here seems to be of special importance for the
survival of tubular epithelial cells, as expression of Bad was
restricted to tubular epithelial cells, whereas it was absent in
interstitial cells of the inner medulla (Figures 4 and 5).
Phosphorylation at Ser155 is particularly evident in tubular
epithelial cells of the papillary tip of water-deprived
COX-2þ /þ , whereas it was almost completely absent in this
kidney region in COX/ mice (Figures 3 and 4). Accord-
ingly, dehydration-induced apoptosis, as detected by abun-
dance of cleaved caspase-3, occurred preferentially in
epithelial cells, rather than in interstitial cells, of the papillary
tip of COX-2/ mice (Figure 1). Beside their important role
for survival of tubular epithelial cells, COX-2-derived
prostanoids may also protect inner medullary interstitial
cells from apoptosis. During hypertonic stress, accumulation
of organic osmolytes in these cells is stimulated by COX-2,17
which downregulates the expression of pro-apoptotic protein
Bax,35 thereby preventing apoptosis. Thus, depending on the
cell type, COX-2-derived prostanoids may regulate apoptosis
in inner medullary cells by different mechanisms; in tubular
epithelial cells, activity of the pro-apoptotic Bad protein is
regulated by PGE2-mediated phosphorylation, whereas in
interstitial cells the abundance of the pro-apoptotic Bax
protein is regulated via prostanoid-mediated accumulation of
organic osmolytes.
It is unlikely that reduced phosphorylation of Bad
represents an epiphenomenon of impaired osmoadaptation
because the overall abundance of Bad was not different in
COX/ or COX-2þ /þ mice, irrespective of the hydration
status (Figure 3). This is consistent with the observation that
knockdown of Bad in MDCK cells improved cell survival
during osmotic stress (Figure 6). Furthermore, inhibition of
COX-2 during hypertonicity significantly reduced Bad phos-
phorylation and increased apoptosis (Figure 6). Modulation
of the pro-apoptotic properties of Bad by Ser155 phosphory-
lation appears to be crucial for survival factors acting through
their cognate cell surface receptors in epithelial cells.36,37
Interestingly, a corresponding COX-2/PGE2/protein kinase
A-mediated survival mechanism has been described in
g-radiation-mediated apoptosis in mouse intestine and
ultraviolet B-induced apoptosis in mouse skin.38,39 In addi-
tion, in MDCK cells, overexpression of Bad increases caspase-3
activity, which is blunted by phosphorylation of Bad.40
In studies that have described an anti-apoptotic effect of
endogenous PGE2 in different cell types, PGE2-mediated
phosphorylation of Bad at Ser155 was conveyed by EP2
and/or EP4 receptors.38,39,41 Our results in MDCK cells using
pharmacological agents indicate that preferentially the EP2
receptor subtype mediates Ser155 phosphorylation of Bad
during hypertonicity (Figure 8). Published data regarding
the intrarenal expression of EP2 are controversial and
interspecies differences have been observed. EP2 mRNA has
been shown to be confined to the inner and outer medulla,
whereas EP2 mRNA expression was not convincingly
demonstrated in the inner medullary collecting duct in
microdissected nephron segments.42,43 In contrast, we
observed expression of EP2 protein in the inner and outer
medullary collecting duct by immunohistochemistry and in
MDCK cells (not shown). Thus, it is readily conceivable that
the present effects are mediated via tubular EP2 receptors,
although we cannot exclude the possibility that additional
EP receptor subtypes are involved.
In summary, we demonstrated that tonicity-dependent
induction of COX-2 is required for PGE2-mediated phos-
phorylation of the pro-apoptotic protein Bad, thereby
counteracting tonicity-induced apoptosis in renal medullary
cells in vivo and in vitro.
MATERIALS AND METHODS
Materials
COX-2 inhibitor NS-398, EP2 antagonist AH6089, EP4 antagonist
AH23848, EP2 agonist Butaprost, and PGE2 were obtained from
Sigma (Deisenhofen, Germany). Polyclonal cleaved caspase-3 anti-
body, polyclonal Bad antibody, and polyclonal phospho-Bad-Ser155
antibody were purchased from Cell Signaling (Beverly, MA);
Kidney International (2011) 80, 938–945 943
C Ku¨per et al.: Cyclooxygenase-2-dependent phosphorylation of Bad o r ig ina l a r t i c l e
polyclonal anti-actin antibody was from Sigma. Colorimetric
caspase-3 assay was purchased from Promega (Mannheim,
Germany). All other reagents were purchased, unless otherwise
indicated, from Biomol (Hamburg, Germany), Biozol (Eching,
Germany), Carl Roth (Karlsruhe, Germany), or Sigma.
Animal studies
All experiments were conducted in accordance with German
federal laws relating to animal experimentation. Heterozygous
COX-2þ / animals on a mixed C57/B129 background44 were
kindly provided by Dr J Schnermann (NIH, Bethesda, MA).
Heterozygous animals were mated to obtain homozygous
COX-2/ or COX-2þ /þ mice. Genotyping of animals was
performed by standard techniques using published primers.45
COX-2/ or COX-2þ /þ mice (6 week old) were water deprived
for 48 h or had free access to water. After 24 h, animals were
transferred to metabolic cages to collect urine samples for estimation
of PGE2 excretion. After an additional 24 h, the animals were
anesthetized with pentobarbital, and cortex, outer, and inner
medullae from both kidneys were immediately isolated, snap-frozen
in liquid nitrogen, and stored at 80 1C. Osmolality of inner
medullary tissue sections was determined as described before.46
Briefly, tissue samples were weighed, homogenized in 40 volumes of
distilled water, using a Potter-Elvehjem homogenizer, and incubated
for 15min in a boiling water bath. Samples were then spun down
for 5min at 10,000 g, and the osmolality in the supernatant was
determined by freezing point depression using an Osmomat 030
osmometer (Gonotec, Berlin, Germany).
Cell culture and experimental protocol
Primary papillary interstitial cells were prepared as described
previously.47 MDCK cells were obtained from the American Type
Culture Collection, Manassas, VA (CCL 34). The cells were grown
under standard conditions in Dulbecco’s Modified Eagles Medium
(low glucose) containing 10% fetal bovine serum and 1%
penicillin–streptomycin. For experiments, medium tonicity was
increased by stepwise addition of NaCl over a period of 2 h to a final
osmolality of 650mOsm/kg H2O. In experiments with pharmaco-
logical inhibitors, the respective compound was added at the
indicated concentration 30min before tonicity increase, or, as a
control, the same volume of vehicle was added.
Western blot analysis
For immunodetection of COX-2, actin, Bad, or Bad phosphorylated
at Ser155, 30-mg protein aliquots from either cell culture experi-
ments or from tissue were separated on 8% SDS gels and
subsequently transferred to nitrocellulose membranes (Hybond;
Amersham, Freiburg, Germany) by electroblotting. Nonspecific
binding sites were blocked by incubation in blocking buffer
(5% non-fat dry milk in phosphate-buffered saline (PBS) containing
0.1% Tween-20). Primary antibodies were incubated at 4 1C over-
night in blocking buffer. Membranes were washed three times in
PBS containing 0.1% Tween-20, and subsequently incubated for 1 h
with secondary horseradish peroxidase-conjugated goat anti-rabbit
antibody (1:5000; Jackson Immuno-Research, West Grove, PA) in
blocking buffer at room temperature. After washing three times in
PBS containing 0.1% Tween-20, immunocomplexes were visualized
by enhanced chemiluminescence (Pierce, Rockford, IL). For
densitometrical analysis of COX-2 abundance, western blots were
quantified using ImageJ (http://rsbweb.nih.gov/ij/index.html) and
expression of COX-2 was normalized to that of actin.
PGE2 measurement
PGE2 concentrations in 100-ml medium aliquots or in urine were
determined using a commercially available assay (Correlate EIA
PGE2-Kit; Assay Designs, Ann Arbor, MI) according to the
manufacturer’s protocol. Urinary PGE2 levels were normalized to
urinary creatinine concentrations, which were determined by the
method of Jaffe.48
Determination of caspase-3 activity
Apoptosis in lysates of MDCK cells or tissue extracts of the inner
medulla was monitored measuring caspase-3 activity using the
CaspACE Assay System (Promega, Madison, WI) according to the
manufacturer’s protocol.
Immunohistochemistry
All experiments were conducted in accordance with German federal
laws relating to animal experimentation. Kidneys from COX-2/
and COX-2þ /þ mice were cut into 2-mm slices along the
corticomedullary axis, fixed overnight in 4% paraformaldehyde in
PBS, embedded in paraffin, and cut into 5-mm thick sections.
Endogenous peroxidase activity was blocked with 3% H2O2 for
10min. Thereafter, the sections were rinsed with PBS, and
nonspecific binding sites blocked by incubation with 3% rabbit
serum in PBS for 30min at room temperature. Sections were
incubated with primary antibodies overnight at room temperature.
Rabbit polyclonal Bad or phospho-Bad-Ser155 antisera were diluted
1:10 in 3% rabbit serum. Rabbit polyclonal cleaved caspase-3
antiserum was diluted 1:100 in ‘Signal Stain Antibody Diluent’ (Cell
Signaling). Subsequently, sections were incubated with secondary
biotin-conjugated goat anti-rabbit antiserum (1:200 in 3% rabbit
serum in PBS). Immunocomplexes were visualized using an ABC-
detection kit according to the manufacturer’s protocol (Vectastain;
Vector Laboratories, Burlingame, CA) with diaminobenzidine
tetrahydrochloride/0.1% H2O2 in PBS as chromogenous substrate.
Finally, the sections were counterstained with hemalaun and
mounted. In negative controls, the primary antibody was omitted.
Bad knockdown in MDCK cells
The short hairpin RNA (shRNA) expression vector pRNATin-H1.2/
Neo (Genescript, Piscataway, NJ) was used with a shRNA insert of
annealed oligonucleotides for knockdown of Bad in MDCK cells.
The oligonucleotides used were Bad-shRNA-sense (50-GATCCGAC
TCCAGCCCTGCAAATATTCAAGAGATATTTGCAGGGCTGGAGT
CTTTTTTGGAAA-30), Bad-shRNA-antisense (50-AGCTTTTCCAA
AAAAGACTCAGCCCTGCAAATATCTCTTGAATATTTGCAGGGC
TGGAGTCG-30); as control functioned a scrambled shRNA-sense
(50-GATCCGTCGCATACAATTAAGGTCTTCAAGAGAGACCTTAA
TTGTATGCGACGGTTTTTTGGAAA-30) and a scrambled shRNA-
antisense (50-AGCTTTTCCAAAAAACCGTCGCATACAATTAAGG
TCTCTCTTGAAGACCTTAATTGTATGCGACG-30). Each pair of
forward and reverse oligos was annealed in vitro, resulting in the
introduction of cohesive BamHI and HindIII overhangs, which were
ligated into the respective sites of the pRNATin-H1.2/Neo vector.
For stable transfection of MDCK cells with shRNA expression vector
constructs, cells were grown to B80% confluency, trypsinated,
washed in PBS and 106 cells were finally resuspended in 200ml
electroporation buffer (0.5% Hepes, 1% glucose, 0.5% Ficoll,
5mmol/l NaCl, 135mmol/l KCl, and 2mmol/l MgCl2, pH 7.4)
together with 10 mg of the appropriate vector. Electroporation was
performed with a Gene Pulser Xcell Electroporation System (Biorad,
Hercules, CA) at 150V and 950mF (exponential decay pulse) in
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a 2-mm cuvette, and cells were subsequently seeded immediately in
a 80-mm plate (Greiner, Frickenhausen, Germany). After 48 h,
800mg G418/ml was added and the medium was refreshed every 2–3
days. After 3 weeks, resistant clones were selected and expanded.
Knockdown of Bad was determined by western blot analysis.
Presentation of data and statistical analysis
Data are presented as means±s.e.m. The significance of differences
between the means was established using Student’s t-test. Po0.05
was regarded as significant.
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